The immunological synapse forms at the interface between a T cell and an antigen-presenting cell after foreign antigen recognition. The immunological synapse is considered to be the site where the signaling cascade leading to T lymphocyte activation is triggered. Here, we show that another signaling region can be detected before formation of the synapse at the opposite pole of the T cell. This structure appears during the first minute after the contact forms, is transient and contains all the classic components that have been previously described at the immunological synapse. Its formation is independent of antigen recognition but is driven by adhesion itself. It constitutes a reservoir of signaling molecules that are potentially ready to be sent to the immunological synapse through a microtubuledependent pathway. The antisynapse can thus be considered as a pre-synapse that is triggered independently of antigen recognition.
INTRODUCTION
One of the first events triggered after T lymphocyte recognition of a cognate antigen at the surface of an antigen-presenting cell (APC) is usually considered to be the establishment of the immunological synapse, named after an analogy with the neural synapse (Grakoui et al., 1999; Norcross, 1984; Paul and Seder, 1994) . The immunological synapse functions as a local platform of signaling molecules, organized into signaling complexes called signalosomes, that are able to receive and transduce the activation signal. The immunological synapse permits the stabilization of the contact site and allows the local secretion of cytokines (Chemin et al., 2012; Huse et al., 2006) as well as the polarization of cytolytic granules close to the target cell (Stinchcombe et al., 2001) . Simultaneously, the microtubule organizing center (MTOC) relocalizes to the immunological synapse (Kupfer and Dennert, 1984; Kupfer et al., 1987) . Although the immunological synapse was initially reported to form after antigen recognition, antigenindependent contact can also trigger the formation of such a structure (Revy et al., 2001 ). More recently, the activation of LFA1 (a leukocyte integrin composed of ITGB2 and ITGAL) alone upon T cell contact with an APC has been shown to promote the establishment of T cell polarity, preparing the T cell for antigen recognition (Contento et al., 2010) , supporting the idea that T cell adhesion can prime the subsequent T cell receptor (TCR) response (Conche et al., 2009) .
Although the global structure of the immunological synapse can vary depending on the nature of the lymphocyte and the APC (Thauland and Parker, 2010; Trautmann and Valitutti, 2003) , its composition is now well established, and its elementary units are considered to be microclusters organized around the TCR (Campi et al., 2005) . By using the ZAP-70 kinase reporter ROZA, we have previously made the unexpected observation that T-cell-APC contacts trigger an increase in activity of the tyrosine kinase ZAP-70, not only at the immunological synapse but also at the pole opposite to the APC, which we called the antisynapse (Randriamampita et al., 2008) . Here, we show that this very frequent and early structure has a composition similar to that of the immunological synapse and forms before the synapse. It is triggered by T-cell-APC contact without requiring TCR engagement. It therefore presents some similarities with previously reported distal structures, such as the distal pole complex (DPC) or the distal cap, but is regulated differently (Allenspach et al., 2001; Barr et al., 2008) . Finally, our results show that this distal accumulation constitutes a reservoir of signaling molecules that can potentially migrate to the immunological synapse. On the contrary, in absence of antigen, it might constitute a trap preventing undesirable T cell activation.
RESULTS

Accumulation of signaling molecules at the distal pole
Considering that activated ZAP-70 can be observed at the antisynapse (Randriamampita et al., 2008) , we looked at the distribution of Lck, LAT and the p85 subunit of the PI3K (also known as PIK3R1), which are proteins involved in early TCR signaling. Raft distribution was also followed by using mLck, the raft-anchoring sequence of Lck comprising the first 13 amino acids of the protein fused to yellow fluorescent protein (YFP). By performing live-imaging experiments, we followed the distribution of these tagged proteins when they were expressed in Jurkat T cells or primary human T (PBT) cells as a function of time upon contact with Raji B cells loaded with superantigen (SAg). Such examples are displayed in Movies 1 and 2, where the protein adapter LAT, well-known to be recruited rapidly to the immunological synapse, was followed in PBT or Jurkat T cells. The proportion of cells that accumulate at the antisynapse was quantified for each marker (Fig. 1A) and was similar for the differently tagged proteins with the noticeable exception of CD3, which accumulated at this pole in only 30% of the productive conjugates (i.e. exhibiting a Ca 2+ increase or an immunological synapse; the definition of a conjugate is given in the Materials and Methods). On rare occasions, T cells contact two APCs and present an antisynapse at the farthest point from the two synapses. Such an example is presented in Movie 3.
To monitor a larger panel of proteins, we performed immunofluorescence labeling of fixed cell conjugates. As depicted in Fig. 1B-D , a distal accumulation could be observed for LAT, Lck, CD3 and mLck, confirming the results presented in Fig. 1A . A local accumulation of PLCγ at the antisynapse was detected in 29% of conjugates (n=126) (Fig. 1D) as well as an enrichment of phosphatidylinositol bisphosphate (PIP 2 ) (26% of cell conjugates, n=50) (Fig. S1A ). In addition, we found a distal accumulation of phosphorylated tyrosine ( phosphotyrosine) residues in 23% of conjugates (n=140) (Fig. 1D ) and of labeling of phosphorylated ERK (30% of conjugates, n=66) (Fig. S1A) , revealing that active kinases are recruited at this site. This supports and extends the seminal results that we have previously obtained with the probe ROZA (Randriamampita et al., 2008) . Note that, when carrying out immunofluorescence experiments, the percentage of cells that display an antisynapse is lower than that measured through live-imaging experiments, as discussed in 'Kinetics and frequency analysis' in the Materials and Methods.
Contacts between PBT and dendritic cells also triggered antisynapse formation, even in the absence of exogenous antigen (Fig. 1C) . Note that such contacts observed in the absence of exogenous antigen also induced synapse formation in accordance with what has been previously reported (Revy et al., 2001) . We also questioned whether some T cell subpopulations were more prone to forming antisynapses. When using CD45RA (the high-molecularmass isoform of PTPRC) as a marker of naïve T cells, the frequency of cells displaying an antisynapse was similar in the different the different subpopulations of T cells (CD4 + or CD8 + , naïve or memory) (Fig. S1B ). As shown in Fig. 1B, CD3 was also found at the antisynapse and displayed a similar location to that of LAT. Finally, accumulation of actin was also observed at the antisynapse in 19% of cell conjugates (n=74) (Fig. 1D) .
In order to verify that accumulation of these markers was not due to a local excess of membrane, we compared the accumulation of an antisynapse marker, Lck, to the distribution of the lipid marker FastDiO. As quantified in Fig. 1E , the accumulation ratio (staining at the antisynapse divided by that at the membrane) was statistically higher for Lck than for FastDiO.
The antisynapse structure appeared to be associated with the membrane rather than corresponding to intracellular vesicle accumulation. First, because labeling of CD3 had been performed on unpermeabilized cells, the immunofluorescence staining revealed extracellular epitopes. Furthermore, although local intracellular accumulation of overexpressed proteins could sometimes be observed around the MTOC [see for instance Movie 3 for left panel) for mLck], this staining was clearly distinct from the antisynapse.
The distal pole complex (DPC) and the distal cap are structures that have been previously described at the pole opposite to the synapse (Allenspach et al., 2001; Barr et al., 2008) , although never in Jurkat T cells (Cullinan et al., 2002) . Nevertheless, we compared the distribution of classic DPC markers, such as phosphorylated ezrin, radixin and moesin protein family proteins (herafter referred as P-ERM) and CD43 (encoded by SPN), or markers of the distal cap, such as STIM1, to the antisynapse markers LAT or Lck. In PBT cells, these three markers accumulated at the distal pole of the cell upon contact with an APC (Fig. S1C-E) . Furthermore, we asked whether the antisynapse could be a remnant of the uropod. To investigate this point, LAT distribution was quantified in chemokine-induced polarized T cells and compared to the distribution of ICAM1, a marker of the uropod (Fig. S1F) . In polarized T cells that displayed ICAM1 accumulation at the uropod, LAT displayed a similar distribution to that of ICAM1 in only 18±8% (mean±s.e.m.) of cases (n=2 experiments, 24-28 cells per experiment). In the other cases, LAT was either diffused or accumulated at the lamellipodium (57±7%). The antisynapse is therefore a DPC-like structure that is clearly different from the uropod.
Antisynapse kinetics
To determine the kinetics of this distal accumulation of synaptic markers, we measured at different time points the proportion of PBT cells displaying a Lck-positive antisynapse that were in contact with APC (Fig. S1E ). This proportion tended to decrease over time. Surprisingly, a similar tendency was observed for the DPC marker P-ERM (Fig. S1E) , although the DPC has been initially reported as a late-forming but sustained structure (Allenspach et al., 2001) .
The initial formation of the antisynaptic structure was followed with live-imaging experiments, which permit analysis of the precise kinetics on individual conjugates. Intracellular Ca 2+ measurements were used to validate T cell activation simultaneously with antisynaptic marker movements, as previously presented (Movies 1 and 2). Another example is illustrated in Fig. 2A (left panel) , where contact between a T cell and APC triggers a rapid Ca 2+ rise and mLck clustering first at the antisynapse and, one minute later, at the synapse. Thereafter, the antisynapse was no longer observed and the intensity at the synapse became brighter. These events were quantified by measuring the marker intensity at the synapse and antisynapse with time ( Fig. 2A, right panel) . One can see that the presence of the marker at the antisynapse is an early and transient event, whereas its synaptic clustering is delayed and sustained. In a series of cell conjugates, we measured the delay between the contact (based on transmitted-light movies, as the time of the first physical contact between the T cell with the APC) and the beginning of the Ca 2+ rise, or the appearance of antisynapse or synapse (Fig. 2B) . In Jurkat T cells (Fig. 2B, left panel) , although antisynapses could be detected within less than one minute after the T cell touched the APC, simultaneously with the Ca 2+ rise, the synapse appeared significantly later. Similar timings were quantified for PBT cells (Fig. 2B, right panel) . Interestingly, with those cells, the three events appeared much faster (see also Movie 2), but the antisynapse still appeared significantly earlier than the synapse. This accelerated timing might be due to the smaller size of PBT cells.
Finally, the duration of the antisynapse was quantified in Jurkat T cells -it has a lifetime of 316.8±41.9 s (n=22 cell conjugates; mean±s.e.m.). In conclusion, the antisynapse is a DPC-like structure that, however, occurs early during activation and is transient, and that appears just before the synapse.
What is the fate of the antisynapse?
We next examined what happens to the antisynapse components. To tackle this question, we made use of T cells that expressed an antisynapse and synapse marker, Lck, that had been coupled to the photoswitchable fluorescent tag Dendra2 (Chudakov et al., 2007) . As shown in Fig. 3A (upper panel), after a short UV illumination focused at the antisynapse, Dendra2 molecules switched from emitting green fluorescence to red fluorescence. Thereafter, an accumulation of red molecules could be detected at the synapse in a matter of seconds, revealing a transfer of molecules from the antisynapse to the synapse. Finally, photoconverted molecules could only be detected at the immunological synapse. The transfer was quantified on a series of cell conjugates by measuring the timedependent intensities of photoconverted molecules at the antisynapse and synapse levels, and on the edge of cells (Fig. 3B , upper panel). The intensity measured at the antisynapse decreased, whereas an increase was observed at the synapse. These differences have been quantified by averaging, at the three locations, the intensities just after photoconversion and after 200 s (Fig. 3C) . It clearly appears that the fluorescence at the antisynapse significantly decreased, whereas a significant increase was observed at the synapse. No significant change was observed on the edges of cells. These experiments allowed us to visualize and quantify the relocalization of antisynapse components to the synapse. Note, however, that there is a global loss of the total fluorescence. This might be due to the dispersion of the fluorescent protein in the membrane or to photobleaching. Unfortunately, we were unable to measure the relative contribution of these two factors. Therefore, the real transfer efficiency of molecules from the antisynapse to the synapse cannot be evaluated.
Microtubules have been reported to be involved in protein transport during immunological synapse formation (Soares et al., 2013) . Therefore, their role in the transfer of protein from the antisynapse to the synapse was investigated by performing the same kinds of experiment in the presence of nocodazole, which inhibits microtubule polymerization. A clear stabilization of the antisynapse was observed in these conditions, together with a reduced accumulation of photoconverted Lck at the synapse (Fig. 3A ,B, lower panels) -no significant change in intensity was observed after 200 s in any of the three locations (Fig. 3C ). This finding suggests that microtubules play a key role in the transfer of molecules from the antisynapse to the synapse. This result was complemented by a statistical approach on fixed cell conjugates, where the frequency of antisynapse and synapses was measured in T cells treated or not with nocodazole. When microtubules were depolymerized, antisynapses were more frequent after 8 min of contact, whereas the occurrence of synapses was lower than in control conjugates (Fig. 3D) .
Altogether, these results show that at least a fraction of the molecules present in the antisynapse is transferred to the synapse, and that this transfer relies on a microtubule-dependent pathway.
The dissolution of the antisynapse occurs simultaneously with MTOC relocalization
In migrating T cells, the centrosome or MTOC is located at the rear of the cell. However, it is well-established that rapidly after contact between the T cell and APC, the MTOC of the T cell moves towards the immunological synapse. As this relocalization happens in the same time frame as the establishment of the antisynapse, both events were monitored simultaneously during cell conjugate formation, the MTOC being followed using centrin1-CFP and the antisynapse with mLck-YFP. MTOC relocalization was quantified as the distance between the centrin signal and the immunological synapse. The time-dependent evolution of both parameters was averaged in four different cell conjugates (Fig. 4A ). This analysis showed that the MTOC started to move when the antisynapse was fully formed and had already started to vanish as attested by the decrease of its intensity. This result was confirmed by experiments presented in Fig. 4B that were performed on a series of fixed conjugates -in the minutes following conjugate formation, the frequency of conjugates displaying an antisynapse was inversely correlated with the percentage of conjugates in which the MTOC had relocalized to the immunological synapse. Thus, synaptic MTOC movement and antisynapse disappearance are two temporally linked events.
What controls antisynapse formation?
What triggers antisynapse formation? Because raft accumulation has been observed at antisynapses, we tested whether raft disruption could alter antisynapse formation. Treatment of Jurkat T cells with 1 mM methyl-β-cyclodextrin (MβCD) significantly reduced antisynapse formation, although only partially (Fig. S2A ). Unfortunately, with higher doses of MβCD (5 mM), contacts with Raji B cells were completely abrogated.
Then, a putative involvement of the cytoskeleton was examined. As shown in Fig. 3D , blockade of microtubule dynamics did not prevent antisynapse formation. Next, we tested whether latrunculin A, an inhibitor of cortical actin polymerization, could affect antisynapse formation. With 100-200 nM of latrunculin A, the frequency of cells displaying an antisynapse was unaltered compared to controls (Fig. S2B) . However, at these doses, actin depolymerization was only partial, as shown by using phalloidin labeling (Fig. S2C) . Unfortunately, higher doses of latruculin, which completely depolymerize actin, also abolished conjugate formation. Therefore, we cannot really conclude the role of actin in antisynapse formation. Finally, inhibition of myosin II with blebbistatin did not prevent antisynapse formation (Fig. S2D) .
Antigen recognition induces a rapid Ca 2+ rise that happens simultaneously with antisynapse formation (Fig. 2) . In order to examine the role of Ca 2+ , the antisynapse frequency was evaluated under conditions where the Ca 2+ rise was blunted with intracellular BAPTA, as validated by blocking the increase of Ca 2+ following stimulation with anti-CD3 (Fig. S2E ). For three markers of the antisynapse (PLCγ, mLck and phosphotyrosine), no significant difference in their accumulation at the antisynapse was observed between BAPTA-treated and control cells (Fig.  S2F) .
Because PKCζ has been shown to be involved in T cell polarization upon contact with APC (Bertrand et al., 2010) , we tested the effect of this enzyme on antisynapse formation. No statistical difference in the percentage of cells displaying an antisynapse was observed in control T cells versus cells that had been incubated with 10 µM PKCζ pseudosubstrate inhibitor for 1 h. The antisynapse frequency was 18.3±7.42 under control conditions and 31.0±4.0 in the presence of inhibitor (n=3 experiments, 30 conjugates per condition per experiment; mean±s.e.m.), suggesting that this enzyme is not involved in antisynapse formation.
The importance of the strength of the TCR-induced signal was then investigated with live-cell imaging experiments to measure antisynapse frequency in PBT cells forming contacts with Raji B cells that had been loaded with various concentrations of SAg. Unexpectedly, the percentage of cells displaying an antisynapse was not significantly reduced when the SAg concentration was decreased from 200 to 0 ng/ml (Fig. 5A ). This result was confirmed by immunofluorescence experiments in a large number of conjugates between Jurkat T cells and Raji B cells (Fig. S3A) . Furthermore, this finding is strengthened by the fact that, in human dendritic cells and autologous primary T cell conjugates, the percentage of cells displaying an antisynapse in absence of antigen was 125±25% (mean±s.e.m.) of that observed in the presence of SAg (100 ng/ml) (n=2 independent experiments, 35-52 conjugates per condition). This result suggests that antisynapse formation might be independent of TCR signaling.
To further test this hypothesis, we examined the role of Lck activation, one of the earliest events occurring upon TCR activation. Lck was inhibited with the Src inhibitor PP2, and the efficiency of PP2 was checked by measuring the increase of Ca 2+ and that of Src phosphorylation in T-cells stimulated with anti-CD3 (Figs S2E and S3B) . In order to avoid a direct effect of PP2 on Raji B cells, the inhibitor was washed out before addition of PBT cells to APCs. In these conditions, no decrease in the percentage of cells displaying an antisynapse was observed (Fig. 5B) . Because the PP2 effect might be reversible , a similar experiment was performed with Jurkat T cells without washing out PP2. As displayed in Fig. S3C , no additional inhibition of antisynapse formation was observed in these conditions. Next, we examined whether the presence of the TCR was dispensable for antisynapse induction. Although antisynapses can be observed in the absence of exogenous antigen, one cannot exclude the possibility that MHCII molecules loaded with endogenous self-antigen on an APC could elicit some signal in T cells, as indicated by the fact that immune synapse could be observed in these conditions (see for instance Fig. 1C ). To rule out this possibility, we used JRT3 (Schneider et al., 1977) and J31.13 (Alcover et al., 1990 ) cells, which are both deficient in the β chain of the TCR. As a result, they express neither TCR nor CD3 at their surface and do not display a CD3-induced Ca 2+ response compared to the large response observed in J77 Jurkat cells (Fig. S3D,E) . As shown in Fig. 5C (filled bars), after 3 min of contact, the percentage of cells displaying an antisynapse was not significantly reduced in TCR-deficient cells. To rule out potential differences arising from the fact that TCR-deficient cells might form looser contacts with APCs, we restricted the analysis to conjugates with contacts tight enough to induce Pyk-2 activation at the interface (Fig. 5D ). Pyk-2 is indeed a tyrosine kinase activated by adhesion, especially in T cells (Doucey et al., 2003) . Even with this restriction, the frequency in TCR-deficient cells was clearly not significantly different that observed in control T cells (Fig. 5C, gray bars) . This confirms that activation of the signaling pathway downstream of the TCR is not necessary for antisynapse formation.
Antisynapse formation can be triggered by adhesion Next, we examined whether T cell adhesion constitutes the triggering event for antisynapse formation. To this end, we investigated the capacity of antibody-coated beads to induce antisynapse formation after contact with T cells. The beads were coated with antibodies directed against CD3 and CD28 (anti-CD3 or anti-CD28) as a control or with antibodies directed against adhesion molecules [α chain of LFA1 (CD11a; also known as ITGAL1) or ICAM1 (also known as CD54)]. Under each condition, we quantified the number of antisynapses relative to the total number of doublets (note that these doublets could just correspond to a close apposition of a cell and a bead rather than a real contact). Two kinds of antibodies against LFA1 were used -a neutralizing one and a second one that was able to stabilize LFA1 into its high-affinity conformation. Beads coated with any of these antibodies were able to trigger the formation of antisynapses as efficiently as beads coated with anti-CD3 and anti-CD28 (Fig. 6A, examples in Fig. 6B ). Interestingly, beads coated with antibodies directed against the nonsignaling molecule MHCI or even with poly-L-lysine were also able to induce antisynapse formation as efficiently as beads coated with anti-CD3 and anti-CD28 (Fig. 6A) . With beads coated with bovine serum albumin (BSA), the number of cells forming contacts was drastically reduced compared to that seen with anti-CD3 and anti-CD28 beads from 85.5±0.5 to 23±9.3 (n=2 experiments, 60-486 cells per experiment). Among the few cells contacting BSA-coated beads, 22% displayed an antisynapse.
We finally tested whether antisynapse formation could also be triggered by T cell adhesion to surfaces. As shown in Fig. 6A , adhesion to surface-coated antibodies against CD3 and CD28, or ICAM1 was able to induce antisynapse formation but much less efficiently than to coated beads (see the figure legend for statistical analyses).
In order to confirm the efficiency of the beads in inducing antisynapse formation, we measured the accumulation ratio using Lck as an antisynapse marker and MHCI as the reference molecule. As has been observed upon contact of T cells with APCs, adhesion to beads coated with anti-CD3 and anti-CD28, or with poly-L-lysine beads induced an accumulation that was significantly higher for LAT than for MHCI (Fig. 6C) .
The involvement of rafts and actin in antisynapse formation could not really be investigated on T-cell-APC conjugates because high concentrations of MβCD or latrunculin A prevent contact formation (see above). These drugs were therefore tested on conjugates between Jurkat T cells and anti-CD3 and anti-CD28-coated beads. As shown in Fig. S2A , at 5 mM MβCD, antisynapse frequency was statistically reduced, although only partially. At 1 µM latrunculin A, a dose that almost completely abrogates actin polymerization (Fig. S2C) , antisynapse frequency was not statistically reduced (39.3±3.8% vs 28.8±1.2% after latrunculin A; n=3 experiments, 20-34 conjugates per experiment per condition; mean±s.e.m.). These results suggest that actin polymerization does not play a key role in antisynapse formation but that raft accumulation is necessary.
Altogether, these results demonstrate that T cell adhesion is able to trigger antisynapse formation independently of the TCR, but they also suggest that the geometry of the contact zone is important.
Antisynapse and T cell activation
Finally, we tried to investigate the consequences of antisynapse formation on T cell activation. We first addressed this question by artificially stabilizing this structure with nocodazole and measuring the subsequent Ca 2+ rise induced in T cells after contact with antigen-loaded APCs. As shown in Fig. S4A , inhibition of microtubule polymerization caused a significant weakening of the TCR-induced Ca 2+ response, although the frequency of responding cells was not altered (86±3% in control vs 84.33±0.88% with Nocodazole; mean±s.e.m.). This reduction of the Ca 2+ response was not due to an unspecific effect of nocodazole on Lck as previously reported (Huby et al., 1998) because the Ca 2+ response to anti-CD3 was unaffected (Fig. S4B) . This result suggests that the transfer of signaling molecules from the antisynapse to the synapse might be necessary for an optimal activation, although we cannot exclude that nocodazole has some other effects on immunological synapse formation.
Therefore, we decided to investigate this question through a correlative approach. As presented in Fig. 1A , antisynapses were (Fig. 7A ) or PBT cells (Fig. 7B) was the same, irrespective of the presence of antisynapse. However, in the absence of antigen, the Ca 2+ plateau was clearly higher in cells without an antisynapse, although the difference was not significant in PBT cells. This correlation suggests that, in the absence of exogenous antigen, the antisynapse might be a structure that traps signaling molecules.
DISCUSSION
Our results have revealed the existence of the antisynapse, a structure located at the opposite pole to that of the immunological synapse. This structure contains many of the components classically described at the immunological synapse and constitutes a real signaling complex, as revealed by detection of tyrosine phosphorylation. Interestingly, accumulation of some molecules at the rear of the cell has already been reported in the case of the uropod (Niggli, 2014) , the DPC (Cullinan et al., 2002) and the distal cap (Barr et al., 2008) . The classic components of the DPC and the distal cap are also found at the antisynapse. However, the antisynapse presents some different properties. By performing live-imaging experiments (see for instance Fig. 2) , we have clearly shown that the antisynapse forms after T-cell-APC contact and is, therefore, not a remnant of the uropod. In addition, Jurkat T lymphocytes do not really polarize upon migration and therefore do not form a uropod, but do clearly form antisynapse. Furthermore, in our cellular systems, we did not observe late and sustained structures as described for the DPC and distal caps. Indeed, some of the classic components of a DPC or distal cap are recruited at the distal pole, but very rapidly after the contact and transiently. The main point that differentiates these structures is their regulation. Indeed, the antisynapse, unlike the DPC and distal caps, does not require TCR activation for formation. Altogether, these results suggest that the antisynapse is a DPC-like structure that is triggered through a specific pathway. It therefore appears that, intriguingly, various structures with different characteristics are able to form at the pole opposite the synapse and suggests that this location, defined by the polarity axis of the cell, constitutes a very special site.
By its composition, the antisynapse shares a number of features with the synapse, even if it is located exactly at its antipode. Similar unexpected distributions can be found in former reports of T-cell-APC contacts, but the presence of an antisynapse was most often neither analyzed nor discussed. (Brossard et al., 2005; Costello et al., 2002; DeFord-Watts et al., 2011 Holdorf et al., 2002; Le Floc'h et al., 2013; Revy et al., 2001) . A spatiotemporal analysis of the patterning of 30 signaling sensors has also been performed, identifying the distal pole as a place where several of these sensors accumulate (Singleton et al., 2009 ). However, this pole has not been analyzed as a discrete structure. More recently, a multimolecular analysis of the distribution of 25 signaling molecules in T-cell-APC contacts has been reported, revealing the existence of sequential signaling clusters; unfortunately, the analysis focused on the synapse and only 5 min after contact was formed (Philipsen et al., 2013) .
We have clearly shown that antisynapse formation is a physiological event that is independent of cognate antigen recognition, and we propose that its formation is triggered by T cell adhesion. Several studies have shown that a T-cell-APC contact facilitates TCR signaling. Indeed, the adhesive signal delivered by LFA1 (induced to adopt its high-affinity form through chemokine-dependent signaling) has been shown to be sufficient to induce immunological synapse formation, whereas the TCR signal is important for synapse stabilization and for sustained activation (Contento et al., 2010) . In contrast, we have recently reported that T cell adhesion is able to prime the T cell response, regardless of whether integrins were involved (Conche et al., 2009 ). Finally, T cells have been shown to be able to sense the rigidity of the object with which they interact. This rigidity is able to modulate TCR signaling (Judokusumo et al., 2012) . We have shown here that beads covered with several different types of antibodies or even with poly-L-lysine can efficiently induce antisynapse formation, confirming that the initial signal is not necessarily integrin dependent, but rather involves multiple adhesion signals that can converge in order to trigger this phenomenon.
What can then be the nature of this initial signal? The first possibility is that adhesion generates a signaling cascade able to trigger antisynapse formation. We have excluded the involvement of a Ca 2+ rise. We have recently shown that a very early transient increase in cAMP is triggered in T lymphocytes after contact with APCs (Conche et al., 2009 ). This cAMP transient could constitute a good candidate for adhesion-induced antisynapse formation. Our preliminary results suggest that, in Jurkat T cells upon contact with Raji B cells, inhibition of protein kinase A (PKA) with Rp-8-BrcAMPS induces a partial reduction in antisynapse frequency (from 54±7% to 34±4%; n=3 experiments, 22-29 conjugates per condition per experiment; mean±s.e.m.). Conversely, an increase in cAMP stimulated with forskolin in Jurkat T cells (20 µM for 30 min) does not statistically affect antisynapse frequency upon contact with beads coated with anti-CD3 and anti-CD28 (39.3±3.8% in control vs 24.2±10.4% for forskolin-treated cells; n=3 experiments, 20-34 conjugates per condition per experiment). However, it is difficult to conclude a direct role of PKA in antisynapse formation because this treatment modifies T cell morphology (our unpublished data) and might well alter the quality of T-cell-APC contact. Another interesting possibility is that antisynapse formation is triggered by physical constraint and the subsequent change in membrane tension induced by the deformation at the contact zone. Relaxation of the T cell membrane has indeed been observed locally at the T-cell-APC interface (Faure et al., 2004) . Such a change in membrane tension can in itself constitute a signal. Indeed, recently, in migrating neutrophils, Houck et al. have elegantly demonstrated that this relaxation, taking place at the leading edge, drives a long-range signal that is able to inhibit the formation of extra leading edges (Houk et al., 2012) . To test this tension hypothesis, we have compared antisynapse formation elicited by antibody-coated flat surfaces versus antibody-coated beads, two settings that are likely to induce different changes in membrane tension. Clearly, adhesion to surfaces was statistically less efficient than beads in inducing antisynapse formation, suggesting that the geometry of the contact is important.
The location of the antisynapse, at the antipode of the initial signal, is surprising. Interestingly, it has been shown that membrane fluidity and composition can be rapidly and transiently modified in response to global mechanical stress (Verstraeten et al., 2010) . Because aggregation of rafts into discrete spots has been observed in this configuration, one can wonder what would be their distribution in the case of a local mechanical stress, as might happen upon T-cell-APC conjugation. Could a local mechanical pressure induce raft clustering at the opposite pole? If so, the assembly of rafts at this pole might drive the relocalization of a series of raft-anchored proteins and of their partners as observed at the antisynapse. This hypothesis is supported by our results displayed in Fig. S2A, which show that raft disruption by MβCD inhibits antisynapse formation. Recently, recruitment of PIP5Kβ at the immunological synapse has been shown to control lipid raft accumulation (Kallikourdis et al., 2016) . However, an accumulation of PIP 2 has been observed in only 26±1% (n=2 experiments, 20-26 conjugates per experiment; mean±s.e.m.) of LAT antisynapses, suggesting that, in our system, raft accumulations do not result from a local increase in PIP5K activity.
Actin-rich buds have been shown to form rapidly at the apical surface of several cell types after their attachment on substrates (Galvagni et al., 2012) . These structures resemble the actin redistribution that frequently appears simultaneously with the antisynapse (58% of LAT antisynapses also present an accumulation of actin). Because this transient structure has been shown to play an important role as polarity organizer in epithelial cells, one can wonder whether the antisynapse can contribute in a similar manner to establish a polarization axis after contact. Such a possibility would be consistent with the link that we have established between antisynapse kinetics and MTOC relocalization. The initial eccentric positioning of the MTOC at the rear of migrating cells corresponds to its minimum-energy position (Maly, 2011) . MTOC relocalization shows that symmetry breaking happens after the contact. The mechanism leading to this movement might be triggered by specific local enzymatic activities present at the antisynapse, and/or by the local morphological deformation associated with a change in cytoskeleton organization.
Our results demonstrate that the antisynapse is a transient structure. What is the importance of this feature with respect to T cell activation? Recently, PIP 2 , an actin-interacting phospholipid able to regulate membrane rigidity, has been shown to accumulate at the opposite pole of the T-cell-APC synapse simultaneously with TCRζ (Sun et al., 2011) . Interestingly, the authors observed that increasing or stabilizing the accumulation of PIP 2 at this position through overexpression of specific isoforms of PIP5K, induced a stabilization of TCRζ at this point, and a reduction of LAT and PLCγ phosphorylation at the synapse, and of IL2 production. These results suggest that a decrease of this phospholipid, expected to cause some membrane relaxation at the antisynapse, is required for the migration of its components to the synapse and therefore for an optimal T cell activation. Our study identifies MTs as another dynamic structure involved in antisynapse destabilization. When MT dynamics are blocked, we have observed, in parallel with an antisynapse persistence, an inhibition of early T cell activation events as revealed by a reduced synapse frequency. Although we also observed TCR-induced Ca 2+ responses that were blunted and consistent with a previous report (Delon et al., 1998) , we cannot exclude a possible side effect of nocodazole on synapse formation. All these results suggest that, whether associated with PIP 2 or microtubule dynamics, the antisynapse-associated signaling complex might have to be transient to allow synapse formation. This hypothesis is strengthened by our observation that, conversely, in the absence of antigen, the presence of the antisynapse is associated with a reduced Ca 2+ response, suggesting that the antisynapse constitutes a checkpoint or a filter that might prevent undesirable activation.
A last question concerns the fate of antisynapse components in the absence of a productive contact. As reviewed previously (Gerard et al., 2013) , T cell activation results from a series of primary contacts, the stability of which depends on the strength of the triggering signal. We make the hypothesis that even shortlasting contacts (Dustin, 2008; Moreau et al., 2012) can induce antisynapses. Once transient conjugates are disrupted, the antisynapse components might stay as nanoclusters (Alarcon et al., 2011) , ready to coalesce again into microclusters for the next conjugate. In such a hypothesis, antisynapses would contribute to the integration of TCR signals. Such putative nanoclusters could also be generated by self-recognition and underlie the tonic signaling phenomenon (Garbi et al., 2010) .
More generally, it is usually considered that TCR signaling starts in a signalosome centered around TCR molecules. Our findings challenge this point of view. Indeed, the features of the antisynapse reveal the existence of self-assembly mechanisms that allow the formation of signaling complexes, not necessarily centered on the TCR and not necessarily at the synapse. The ability to form such pre-signalosomes is likely to contribute to the exquisite sensitivity of antigen detection in T-cell-APC conjugates.
In conclusion, the antisynapse is a DPC-like structure that is a transient multi-molecular complex formed rapidly upon T-cell-APC contact. As in the presence of antigen, antisynaptic components might migrate to the synapse soon after antisynapse formation, an antisynapse can be viewed as a reservoir of signaling molecules for the synapse and can therefore be considered as a presynapse. Conversely, in absence of antigen, the antisynapse might trap signaling molecules to prevent inappropriate activation. Further investigations would be required to confirm this hypothesis.
MATERIALS AND METHODS
Cells
Jurkat T cells (J77) and Raji B cells were kind gifts of Georges Bismuth (Institut Cochin, France), J31.13 of Oreste Acuto (University of Oxford, UK) and JRT3 of Julie Dechanet Merville (Segalen University, France). Cells were authenticated and tested for contamination and cultured as previously described (Randriamampita et al., 2008) . Human T lymphocytes and monocytes were isolated from healthy blood donors (Etablissement Français du Sang, Paris, France; relevant ethical approvals and consent have been obtained for use of human samples) by Ficoll density gradient centrifugation and negative selection for T cells (Human T-cell isolation kit, EasySep) and CD14-positive selection (CD14 MicroBeads, Miltenyi Biotec) for monocytes. PBT cells were cultured in RPMI 1640 supplemented with 10% AB serum. Monocytes were differentiated in RPMI 1640 supplemented with 10% FCS, 50 ng/ml granulocyte macrophage colony-stimulating factor (GM-CSF) and 40 ng/ml IL4. After 6 days, immature dendritic cells were elutriated and matured overnight with 10 ng/ml lipopolysaccharide.
Jurkat cells and PBT cells were, respectively, transfected by electroporation (Biorad system) or nucleofection (Amaxa Nucleofector, Lonza) and used 24 h later.
Antibodies, reagents and constructs
Antibody and reagent information are listed in Tables S1 and S2. The details of constructs used in the manuscript can be obtained on demand.
Immunofluorescence
Raji cells or dendritic cells were incubated with SAg in serum-free RPMI for 30 min at 37°C, except when specified. Except where specified, the SAg concentration was 200 ng/ml. When indicated, T cells were incubated at 37°C in serum-free medium with drugs for 30 min or with FastDiO for 2 min. T cells were thereafter added to APCs. For conjugates with beads, 4.5-µm beads (Dynabeads Pan Mouse IgG, 11041 or epoxy beads, 14011, Invitrogen) were coated following the manufacturer's instructions and placed on coverslips. The coverslips were placed on a magnet at 37°C to avoid loss of beads during washes. For synchronized conjugates, Raji and Jurkat cells were mixed in a 1:1 ratio and centrifuged. In all cases, conjugates were fixed [4% paraformaldehyde (PFA)] at different time points.
For CCL19-stimulated T cells, the stimulation in serum-free RPMI was stopped by adding two volumes of PFA. Staining was performed as previously described (Conche et al., 2009 ).
Fixed conjugates were imaged using an inverted microscope DMI6000 (Leica) equipped with a spinning disk head (Yokogawa CSU-X1M1), and a CoolSnap HQ2 camera (Photometrics) or an inverted wide-field microscope (Nikon TE300) and a Cascade 1K camera (Photometrics). Acquisitions were performed with Metavue (Molecular Devices) and Live Acqusition (TILL Photonics) software. Images and movies were analyzed with ImageJ software.
Live-imaging measurements and spectrofluorimetry
Ca
2+ measurements were performed at 37°C either at the single-cell level or with spectrofluorimetry, as previously described (Conche et al., 2009) .
Kinetics and frequency analysis
The information obtained from experiments on fixed conjugates and by live imaging is not exactly identical. 'Time 0' in fixed conjugates corresponds to the time at which T cells were added to the layer of APCs. It takes a couple of minutes for the T cells to form a contact with an APC. This delay is longer for PBT cells, which are lighter. Therefore we analyzed the contacts 5 min after PBT cell addition to APCs and 3 min for Jurkat T cells. In live-imaging experiments 'time 0' corresponds to the beginning of the physical contact with the APC, as judged by transmitted-light movies.
In immunofluorescence experiments, cells were fixed at a given time -we analyzed contacts that had formed sometime between t0 and the time of fixation and calculated the percentage of cells with an antisynapses in this conjugate population. In live-imaging experiments, we followed, over the recording period (typically 20 min), all the conjugates of the field and calculated thereafter the percentage of cells with an antisynapses. Because antisynapses are transient structures, the frequency calculated in live-imaging experiments is higher than the one observed with fixed conjugates whose antisynapses might have already dissipated or had not yet formed at the time of fixation. Unless 'live imaging' is specified on the figures, the data presented were obtained by using immunofluorescence approaches.
Quantification of protein accumulation
Quantitative analyses were performed with the ImageJ software or Metamorph. All conjugates in a random field were considered, and fluorescence analyses were performed on z-projection images or in the most intense image from a z-stack. A conjugate was defined as a close apposition between one APC (or a bead) and one T cell. A T cell was scored as 'with antisynapse' only if a clear accumulation of the studied marker was observed at the pole opposite the contact zone. For a precise quantification of protein accumulation, we used FastDiO or MHCI as reference membrane markers because they display a uniform distribution upon conjugate formation, especially as they do not accumulate at the synapse. After background subtraction, the average intensities were measured at the antisynapse and in the membrane (outside the synapse and the antisynapse). The same zones were used for the two markers. The ratio of the average intensity values of the two zones was calculated. A ratio above 1 indicates accumulation of a marker at the antisynapse. APCs present much higher levels of MHCI at their surface compared to T cells, which prevents an accurate measurement on the T cell membrane. We therefore preferred FastDiO as a T cell membrane marker in APC-T-cell conjugates. MHCI was used as a marker in conjugates with beads.
Photoconversion
Photoconversion experiments were performed using an inverted wide-field microscope iMic (TILL Photonics) equipped with a scanner Yanus IV (TILL Photonics) to photoconvert Dendra2 at a specific cell location, 405-nm, 491-nm, 560-nm and 640-nm lasers and a camera iXonEM (Andor Technology). The photoconversion spot corresponded to a 200-nm diameter circle (xy) and 500 nm in z. The photoconverted zone is, however, also dependent on the power of the 405-nm laser (2% in our experiments) and on the exposure time (600 ms).
Flow cytometry
Cells were fixed and labeled as for immunofluorescence. Experiments were performed with a BD FACSCalibur instrument. Acquisition was performed with CellQuest Pro software (BD Biosciences). Data files were analyzed using FlowJo software.
Statistics
Averages are expressed ±s.e.m., and the significance of differences was evaluated with Student's t-test. For multiple comparisons, a one-way ANOVA test (with post-tests) was used. For analysis on a per-cell basis (Fig. 2B) , the 'repeated measures' option was used. The significance of the differences are indicated on the figures as follows: *P<0.05, **P<0.01, ***P<0.005. When the differences were not significant (P>0.05), it was indicated in the figure legend. GraphPad Prism and Kaleidagraph softwares were used to plot data.
